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Atmospheric particle acidity, which is described by particle pH, has effects on 
aerosol formation, composition, and toxicity. It also has impacts on ecosystem and climate. 
During the past 15 years, NOx and SO2 emissions in the United States have decreased by 
approximately 56% and 82%. In the atmosphere, both NO2 and SO2 are oxidized to form 
HNO3 and H2SO4, respectively, which are the most abundant acidic species in aerosol. In 
this study, data from the Atlanta Aerosol Nucleation and Real-Time Characterization 
Experiment (ANARChE) in August 2002 are reanalyzed. Fast ammonia and ammonium 
measurements were carried out in this experiment, which makes it possible to investigate 
the diurnal cycle of particle pH, and pH time evolution over the past 15 years in urban 
Atlanta. Fine particle pH is calculated by ISORROPIA-II, a thermodynamic equilibrium 
model. For comparison, data from the Southeastern Aerosol Research and Characterization 
study (SEARCH) at the same site in August 2016 are also used for pH calculation. The 
result is counterintuitive that fine particle pH did not show an increasing trend, but has 
slightly decreased despite the emission reduction and the decrease in sulfate and nitrate 
levels. The average fine particle pH from ANARChE is 1.92 ± 0.58 (±SD), with a median 
of 1.88, while the average pH from SEARCH is 1.68 ± 0.48, with a median of 1.67. The 
predicted concentrations and partitioning fractions of semivolatile species (NH3-NH4
+, 
HNO3-NO3
−) agree with observations. Sensitivity tests were performed to evaluate the 
effects of measurement uncertainties on model predictions but no significant effects were 
observed. The small change in pH from 2002 to 2016 could be explained by the decrease 
in particle liquid water content and the volatilization of NH4
+. This is supported by the 
 xiv 
decrease of observed NH4




CHAPTER 1. INTRODUCTION 
1.1 Atmospheric Particle Acidity 
In the natural environment, the acidity of aqueous solutions is one of the most 
important fundamental thermodynamic parameters that directly controls chemical 
reactivity (Seinfeld and Pandis, 2016; Stumm and Morgan, 1996). For example, in cloud 
drops sulfur dioxide (SO2) through multistep processes can be oxidized to form sulfate 
(SO4
2−) which is involatile and can increase the mass of atmospheric particulates 
(Chameides and Davis, 1982; Harris et al., 2013; Hoffmann and Edwards, 1975; Jacob, 
1986; Penkett et al., 1979). However, the efficiency of different SO2 aqueous phase 
oxidation pathways is a strong function of acidity or pH of the solution. The pH of an 
aqueous solution such as a cloud drop or atmospheric aerosol particle, is defined as 
 𝑝𝐻 = − log10 𝑎𝐻+ (1) 
where 𝑎𝐻+  is the hydrogen ion activity (e.g. Weber et al. (2016)). For cloud droplets, 
oxidation of SO2 by hydrogen peroxide (H2O2) dominates under acidic conditions (e.g. 
lower pH). While SO2 oxidation by ozone (O3), nitrogen dioxide (NO2) and oxygen (O2, 
catalyzed by Mn(II) and Fe(III)) is more efficient at more basic conditions in cloud drops 
(e.g. higher pH, Cheng et al. (2016) and Seinfeld and Pandis (2016)). 
In more recent years, the pH of atmospheric particles (e.g. aerosol) has been a topic 
of active research as it impacts aerosol growth, composition, human health, ecosystems 
and climate (Dockery et al., 1996; Guo et al., 2016; Guo et al., 2017b; Gwynn et al., 2000; 
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Meskhidze et al., 2003; Stockdale et al., 2016; Surratt et al., 2010). For example, Cheng et 
al. (2016) calculated sulfate production rates based on typical concentrations under Beijing 
haze conditions. They showed that a NO2-mediated pathway dominates when particles are 
nearly neutralized, while for more acidic particles, transition metal ions (TMIs) catalyzed 
oxidation becomes the most important. The production of secondary organic aerosol (SOA) 
is facilitated by the acidic surface of atmospheric particles via acid-catalyzed 
heterogeneous reactions (Jang et al., 2002). Laboratory studies have demonstrated that 
SOA yields from isoprene and acrolein (biogenic VOCs) oxidized by O3 increase in the 
presence of acidic inorganic seed aerosols (Jang et al., 2002). Acidic seed particles (i.e. 
containing H2SO4) also enhanced SOA yields from α-pinene ozonolysis (Iinuma et al., 
2004). SOA yields from aromatic precursors (toluene and 1,3,5-trimethylbenzene) were 
increased by acidic seeds (H2SO4 + NH4HSO4) under dark and UV-visible light conditions 
without NOx (Cao and Jang, 2007). During the Southeast Nexus (SENEX) campaign, 
aircraft measurements of plume from Harllee Branch Power Plant, GA showed that particle 
acidity accounted for part of the increase of heterogeneous reaction rate constant for 
isoprene epoxydiols (IEPOX) reactive uptake (Xu et al., 2016). 
The soluble bioavailable iron (Fe) in acidic sulfate particles can have an indirect 
climate impact by regulating the productivity of photosynthesis in the ocean (Li et al., 
2017). Ocean productivity in many locations is largely controlled by the availability of 
nutrients such as nitrogen (N), phosphorus (P) and iron (Moore et al., 2013). Transport and 
deposition of aerosols (e.g. iron or phosphorus containing mineral dust) to the open ocean 
can be an important source of nutrients. However, in general the iron or phosphorous 
delivered to the ocean must be soluble in the aqueous phase to be bioavailable to 
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photosynthetic organisms. Laboratory experiments have shown a significant increase in 
soluble phosphorus when Saharan soil and dust samples were exposed to an acidic 
environment (sulfuric acid, pH = 2) for 24 h (Nenes et al., 2011). Longo et al. (2016) 
examined Saharan dust aerosols collected at sites with different atmospheric transport time, 
and found the iron solubility and aerosol acidity greater in aged aerosol. The iron acid 
dissolution hypothesis is further supported by the soluble Fe sulfate found in the acidic 
sulfate coating of particles collected over the Yellow Sea (Li et al., 2017). The increased 
soluble Fe deposition, together with natural climate variability, could enhance biological 
productivity in tropical Pacific Ocean, and account for the decline of O2 in the oxygen 
minimum zones (Ito et al., 2016). 
1.2 Aerosol pH Estimation Methods 
Direct measurement of the pH of atmospheric particles is challenging and hampered 
by relatively low time resolution (Hennigan et al., 2015; Jang et al., 2008). Therefore, 
aerosol acidity is often estimated by proxy methods including (1) the ion balance method 
based on electroneutrality where the H+ concentration is derived from the difference 
between anionic and cationic charge, (2) the molar ratio method where the molar ratio 
equals the total inorganic cation concentration divided by total inorganic anion 
concentration, (3) thermodynamic equilibrium models, such as ISORROPIA-II 
(Fountoukis and Nenes, 2007; Nenes et al., 1998) and the Extended Aerosol Inorganics 
Model (E-AIM) (Clegg et al., 1998; Friese and Ebel, 2010), (4) ammonia phase partitioning 
where H+ activity is calculated from the equilibrium NH4
+ activity and NH3 partial pressure 
(Hennigan et al., 2015). Hennigan et al. (2015) compared these four methods and found 
that particle pH is best estimated by thermodynamic equilibrium models using both gas 
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and particle-phase data as input, as well as the ammonia phase partitioning method. The 
ion balance and molar ratio methods do not uniquely correlate with particle pH (Guo et al., 
2015). 
1.3 Recent Studies on Particle pH 
Fine particle pH has been estimated using the thermodynamic equilibrium model 
ISORROPIA-II in recent studies. During the California Research at the Nexus of Air 
Quality and Climate Change (CalNex) study in 2010, the predicted summertime pH values 
of PM1 and PM2.5 (PM1: particulate matter with an aerodynamic diameter less than 1 μm, 
PM2.5: less than 2.5 μm) from ground measurements in Pasadena, California are 1.9 ± 0.5 
and 2.7 ± 0.3, respectively (Guo et al., 2017a). During the Southern Oxidant and Aerosol 
Study (SOAS) in 2013, the summertime ground-level pH of fine particles at Centreville 
site (Brent, Alabama) is estimated to be 0.94 ± 0.59 with a median of 0.93 (Guo et al., 
2015). The pH of PM1 based on aircraft measurements of one flight over Georgia as part 
of the SENEX campaign in June and July 2013 is reported as 1.1 ± 0.4 (Guo et al., 2017a; 
Xu et al., 2016). The average (mainly in the northeastern U.S.) pH of PM1 from the 
Wintertime Investigation of Transport, Emissions, and Reactivity (WINTER) aircraft study 
in 2015 is 0.77 ± 0.96 (median of 0.91) (Guo et al., 2016). Hence, acidic fine particles are 
ubiquitous. Guo et al. (2017b) suggested that even for the high NH3 levels in Beijing and 
Xi’an, China (on average ~12.8 μg m−3 in Beijing and ~17.3 μg m−3 in Xi’an during some 
polluted periods in winter), the neutralization of fine particles is unlikely. This is supported 
by the estimated fine particle pH of 4.2 (pH range: 3.0 – 4.9) based on hourly measurements 
during Beijing wintertime haze episodes in 2015 and 2016 (Liu et al., 2017). 
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The prediction accuracy of fine particle pH by ISORROPIA-II is confirmed by 
comparing the predicted and measured concentrations and partitioning fractions of 
semivolatile species such as NH3-NH4
+ and HNO3-NO3
−. The predicted and observed 
values have good agreement in the above-mentioned CalNex, SOAS, SENEX and 
WINTER studies. For example, in the WINTER study the slopes of HNO3, NO3
− and 
partitioning fraction ε(NO3
−) regression lines are 1.02, 0.99 and 1.17 (R2 of 0.99, 0.96 and 
0.70, respectively) with input from aerosol mass spectrometer (AMS) measurements, while 
using data from particle-into-liquid sampler coupled with ion chromatographs (PILS-IC) 
and scaled AMS NH4
+ led to more scatter (R2 of 0.71 and 0.27 for NO3
− and ε(NO3
−)). The 
discrepancy between model prediction and observation decreased with increasing relative 
humidity (RH) (Guo et al., 2016). 
Aerosol pH has also been estimated by E-AIM. From the output of AIM-II, the 
average of submicron particle pH at the Pittsburgh EPA Supersite in September 2002 is 2.4 
(median of 2.2, 25th percentile of 1.8 and 75th percentile of 2.9, estimated from Figure S6 
of Zhang et al. (2007)). Liu et al. (2017) compared the predicted PM2.5 pH from 
ISORROPIA-II and E-AIM II during Beijing haze episodes and found the mean absolute 
pH difference was only 0.3 units. 
1.4 Motivation and Overview of the Study 
The emissions of SO2 in the United States have significantly decreased under the 
Clean Air Act (U.S. Environmental Protection Agency, 2017) due to the implementation 
of SO2 scrubbing technologies by power plants and the switch of fuel from sulfur-
containing coal to natural gas (de Gouw et al., 2014; Srivastava et al., 2001). The particle 
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sulfate concentration has also decreased correspondingly (Hand et al., 2012). From 2002 
to 2016, the national emissions of SO2 decreased by ~82%, and ~92% for the state of 
Georgia (GA). The national emissions of NOx decreased by ~56%, and ~63% for GA (U.S. 
Environmental Protection Agency, 2017). However, the emissions of NH3 are relatively 
stable (U.S. Environmental Protection Agency, 2017). Weber et al. (2016) showed that 
despite the large decrease of SO2 emissions, the pH of fine particles (PM2.5) has remained 
relatively constant at acidic pHs. This is at least somewhat counterintuitive as the reduction 
of acid precursor gases such as SO2 and NO2 might be expected to lead to higher particle 
pH. Weber et al. (2016) calculated historical summertime (June, July and August) PM2.5 
pH at the Centreville site (same site as SOAS) from 1998 to 2013 using ISORROPIA-II in 
forward mode (i.e. gas + particle phase data). However, only particle-phase data were used 
as input, which decreased pH systematically by ~1 unit. The average pH during this period 
is 0.19 and no increasing trend was observed (pH data from  
http://www.aerosols.eas.gatech.edu/Weber_Nature_Figure_data.xlsx). 
To investigate the change in fine particle pH in the past 15 years, this study 
reanalyzes data from the Atlanta Aerosol Nucleation and Real-Time Characterization 
Experiment (ANARChE) in August and early September 2002.  The experiment took place 
at Jefferson Street (JST) in Atlanta, GA, which is also a Southeastern Aerosol Research 
and Characterization study (SEARCH) site (Nowak et al., 2006). High time-resolution 
ammonia and ammonium measurements were carried out in this experiment. Two chemical 
ionization mass spectrometry (CIMS) techniques were used to measure gas-phase NH3 
concentrations and the results have good agreement (Nowak et al., 2006). Nowak et al. 
(2006) compared the NH3 measurements with predicted concentrations by a 
 7 
thermodynamic equilibrium model, ISORROPIA (Nenes et al., 1998). The model 
calculations also agreed well with observations, which suggests that gas and particle phases 
are in thermodynamic equilibrium on a 7.5 min timescale. The fast and reliable 
measurements make it possible to investigate the diurnal cycle of particle pH, as well as its 
time evolution in the past 15 years by comparison to data taken at the same site in August 
2016. The description of the ANARChE and SEARCH dataset, pH calculation method, 
and SO2, NO and NOy data processing is provided in Chapter 2. The characteristics of the 
SO2, NO, and NOy concentrations, model calculations, pH time evolution, the correlation 
between pH and factors such as RH, liquid water content (LWC) and temperature, the 
change of NH4
+ and NO3
− partitioning fractions with pH, model validation and sensitivity 
tests are presented and discussed in Chapter 3.  
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CHAPTER 2. METHODS 
2.1 pH Calculations 
Due to the limitations of direct measurement techniques of particle acidity 
(Hennigan et al., 2015), ISORROPIA-II, a thermodynamic equilibrium model was used in 
this study to calculate fine particle pH, ammonia/ammonium and nitric acid/nitrate phase 
partitioning (Fountoukis and Nenes, 2007; Nenes et al., 1998). The model was run in 
forward and metastable mode since it provides better pH predictions (the reverse mode is 
highly sensitive to measurement uncertainties) and the predictions agree better with 
observations than the stable mode (Guo et al., 2016; Hennigan et al., 2015). In forward 
mode, the model is constrained by total (gas + aerosol) concentrations of Na+, NH3, HNO3, 
HCl, H2SO4, K
+, Ca2+ and Mg2+, relative humidity (RH) and temperature (T) 
(http://isorropia.eas.gatech.edu). It is assumed that the aerosol is at metastable state with 
no precipitation of salts and only one supersaturated aqueous phase exists. Given this 
assumption, data within the 20-95% RH range were considered in previous studies (Guo et 
al., 2017a; Guo et al., 2016). Due to the nonlinear dependence of liquid water content on 
RH and the large uncertainty introduced at high RH (Guo et al., 2017a), data at RH > 95% 
are excluded from this study. There is no lower limit for ANARChE dataset since the 
minimum measured RH is 25%. 
Based on the ISORROPIA-II output, particle pH is calculated by 
 
𝑝𝐻 = − log10 𝛾H+𝐻aq











+  is the hydronium ion concentration in μg m−3 air,  𝐻aq
+  the hydronium ion 
concentration in particle liquid water (mol L−1), 𝑊i  and 𝑊o  the inorganic and organic 
particle water concentrations in μg m−3 air, respectively (Guo et al., 2017a). 𝛾H+, which is 
assumed to be 1 (one of the simplifying assumptions made in ISORROPIA-II), is the 
activity coefficient of hydronium ion. The organic particle water had a minor influence on 
pH prediction in previous studies. Guo et al. (2015) reported that particle pH considering 
𝑊o is 0.15 to 0.23 units higher than not including 𝑊o in SOAS, and 𝑊o increased pH by 
0.12 units on average during the CalNex campaign (Guo et al., 2017a). Therefore, in this 
study, only 𝑊i is considered in pH calculations. 
2.2 ANARChE and SEARCH Data 
This study focuses on the ANARChE observations from August 15 to 28, 2002. 
Two CIMS instruments from the National Oceanic and Atmospheric Administration 
Aeronomy Laboratory (now part of the NOAA Earth System Research Laboratory’s 
Chemical Sciences Division) and Georgia Institute of Technology (GT) were used to 
measure gas-phase NH3 concentrations (Nowak et al., 2006). The NH3 observations of the 
two CIMS were found to be in good agreement (Nowak et al., 2006). For the calculations 
in this work, the NH3 observations from the GT CIMS were used. Fine particle inorganic 
composition including the concentrations of Na+, NH4
+, Ca2+, K+, Mg2+, SO4
2−, NO3
−, and 
Cl− was measured by the GT particle-into-liquid sampler (PILS) coupled to a dual channel 
chromatograph (Orsini et al., 2003; Weber et al., 2001).  
The ISORROPIA-II model was constrained by particle-phase data (including 
refractory ions) and gas-phase NH3 and HNO3 data. The NH3 concentration was reported 
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every 1 min, which was then averaged to the ~7.5 min PILS sampling frequency. The 
hourly HNO3 concentration was linearly interpolated to match the PILS sampling 
frequency. There is no HCl measurement during ANARChE and the input of total HCl is 
particle chloride itself. It is assumed that all H2SO4 is in particle phase. 
For comparison, current pH levels in Atlanta were also calculated based on the 
SEARCH dataset at JST from August 15 to 28, 2016. The model is constrained by hourly 
particle-phase data (without refractory ions and chloride) and gas-phase NH3 and HNO3 
data, due to the low time-resolution of refractory ion and chloride concentrations (reported 
every 24 hours and not available every day). The average levels of refractory ions and 
chloride are low and similar to ANARChE. Therefore, they are not expected to have 
significant effects on pH. HCl concentration is also not available in SEARCH dataset. 
Description of SEARCH measurement techniques can be found in Table S1 in the 
supplement of Hidy et al. (2014). 
2.3 SO2, NO and NOy Data 
The ANARChE SO2, NO and NOy concentrations from August 1 to 31, 2002 were 
measured by commercial instruments (Thermo-Scientific). SO2 concentrations were 
reported every 5 minutes and every 1 minute for NO and NOy data. The detection limit of 
SO2 was estimated to be 2 ppbv based on the observed variance in the observations. The 
SO2 observations were over the maximum range of the instrument output from 12:00 pm 
to 12:55 pm on August 26 and were assigned to be 140 ppbv. Raw NO and NOy data from 
the ANARChE archive were processed by subtracting background measurements and 
removing calibration points. Background signals were estimated by linear interpolation 
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between background measurements. The detection limits of NO and NOy were estimated 
as 0.5 ppbv and 2 ppbv, respectively. All concentrations below the corresponding detection 
limit were replaced by half of the detection limit when calculating averages. The 
observations of NH3, HNO3, SO2, NO and NOy at the Jefferson Street site from August 1 
to 31, 2016 were also utilized to investigate present day conditions to compare with the 
ANARChE results. The detection limits of NH3, HNO3, SO2, NO and NOy are 0.2-0.3 
ppbv, 0.1 ppbv, 0.2 ppbv, 0.05 ppbv and 0.1 ppbv, respectively (Hansen et al., 2003; Saylor 
et al., 2010). 
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CHAPTER 3. RESULTS AND DISCUSSION 
3.1 Decrease of SO2, NO and NOy Levels in the Past 15 Years 
The time series of August SO2, NO and NOy concentrations from ANARChE and 
SEARCH dataset are shown in Figure 1 and Figure 2, respectively. Table 1 and Table 2 
show the average concentrations (±SD), RH and T of ISORROPIA-II input from the 
ANARChE and SEARCH dataset. There is a large decrease in atmospheric concentrations 
of SO2, NO and NOy from 2002 to 2016, corresponding to the emissions reduction. The 
maximum SO2, NO and NOy in August 2002 were 140 (the instrument saturation level), 
290 and 404 ppbv, while the maximum concentrations in August 2016 were 2, 89 and 129 
ppbv. The average concentrations (±SD) were 6.6 ± 11.9 (SO2), 13.8 ± 27.8 (NO) and 38.6 
± 39.0 ppbv (NOy) in 2002 (medians of 2.5, 1.9, and 24.0 ppbv, respectively), higher than 
the averages of 0.2 ± 0.2 (SO2), 2.5 ± 5.6 (NO) and 11.9 ± 10.6 ppbv (NOy) (medians of 
0.1, 0.5 and 8.1 ppbv) in 2016. Therefore, SO2, NO and NOy concentrations in August have 
decreased by approximately 97%, 82% and 69% from 2002 to 2016. 
As shown in Table 2, the SEARCH sulfate and the sum of HNO3 and NO3
− 
concentrations are lower than ANARChE, especially for sulfate (decreased from 4.42 to 
1.43 μg m−3), which is consistent with the emissions reduction. Both NH3 and NH4
+ 
concentrations have also decreased by 21% and 65%, respectively. However, the SEARCH 
NH3 measurement method is different from ANARChE and the measured concentrations 













Table 1 Average ANARChE concentrations (±SD), RH and T, from August 15 to 28, 
2002. 
Concentration, RH and T Average (±SD) 
RH, % 70 ± 16 
Temperature, K 301.3 ± 4.0 
Na+, μg m−3 0.06 ± 0.19 
SO4
2−, μg m−3 4.42 ± 2.98 
NH3 + NH4
+, μg m−3 
NH4
+, μg m−3 
NH3, μg m
−3 
4.48 ± 1.53 
2.13 ± 1.12 
2.35 ± 0.96 
HNO3 + NO3
−, μg m−3 
NO3
−, μg m−3 
HNO3, μg m
−3 
3.63 ± 2.09 
0.35 ± 0.40 
3.28 ± 2.16 
Cl−, μg m−3 0.05 ± 0.05 
Ca2+, μg m−3 0.04 ± 0.04 
K+, μg m−3 0.07 ± 0.06 





Table 2 Average SEARCH concentrations (±SD), RH and T, from August 15 to 28, 
2016. 
Concentration, RH and T Average (±SD) 
RH, % 71 ± 15 
Temperature, K 300.5 ± 2.9 
SO4
2−, μg m−3 1.43 ± 0.64 
NH3 + NH4
+, μg m−3 
NH4
+, μg m−3 
NH3, μg m
−3 
2.60 ± 0.77 
0.75 ± 0.18 
1.85 ± 0.73 
HNO3 + NO3
−, μg m−3 
NO3
−, μg m−3 
HNO3, μg m
−3 
1.40 ± 0.75 
0.23 ± 0.13 




3.2 pH and Partitioning Fractions from the ANARChE Data 
The average fine particle pH from August 15 to 28, 2002 is 1.92 ± 0.58 (±SD), with 

















where n is the number of moles. 
The diurnal cycles (average ± SD) of PM2.5 pH, Wi, RH, T, concentrations of NH3, 
NH4
+, HNO3, NO3
−, SO2 and NOy, and partitioning fractions of NH4
+ and NO3
− (August 
15-28, 2002) are plotted in Figure 3, Figure 4 and Figure 5. Data used for the diurnal cycle 
calculation are the same as the input for pH calculation except for SO2 and NOy. Fine 
particle pH was higher at night and decreased after sunrise, with the highest (2.6) at 6 am 
and the lowest (1.2) at 2 pm. The pH correlated well with Wi, which is a nonlinear function 
of RH. Temperature and RH showed a negative correlation. Low RH and Wi occurred in 
the afternoon due to higher temperatures and thus H+ becomes more concentrated in 
particle water, decreasing particle pH. The high RH and Wi in the early morning led to 
dilution and a higher pH. The hourly average of NH3 started to increase in the morning and 
peaked at 3-5 pm, followed by a decrease at night. The NH4
+ concentrations were a little 
higher during the day. Although pH exhibited a diurnal trend, there is no significant trend 
for ε(NH4
+) from observation. HNO3 concentration peaked in the late afternoon and NO3
− 
peaked in the morning, therefore ε(NO3
−) had a larger variation than ε(NH4
+) and its diurnal 
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trend was similar to pH, indicating that ε(NO3
−) has a higher sensitivity to pH. The hourly 
average of SO2 concentration was the highest at midday, and had a smaller peak between 
9-11 pm. The larger standard deviation at midday is due to intermittent SO2 peaks. NOy 
exhibited a peak during morning rush hour followed by a daytime decrease, and then a 
nighttime increase. 
Figure 6 shows the ISORROPIA-II predicted vs. measured concentrations of NH3, 
NH4
+, HNO3 and NO3
−. The predicted vs. observed partitioning fractions of NH4
+ and NO3
− 
are also plotted. A linear regression using the singular value decomposition (SVD) 
algorithm is performed for each plot in Figure 6. The slope, intercept (± one standard 
deviation) and R2 of the regression lines are labeled. Similar to Nowak et al. (2006), the 
agreement between predicted and measured NH3 is good, with a slope of 1.29 and R
2 of 
0.81. Generally, ISORROPIA-II underpredicted the ammonium concentrations and 
ε(NH4
+), with a slope of 0.73 and 0.72, respectively. Difference between the average 
ε(NH4
+) from measurement (44.6%) and model output (33.6%) is ~10.9%. The predicted 
HNO3 concentrations have a very good agreement with measurements (slope = 1.00 and 
R2 = 0.97), which is due to the high HNO3 concentration compared to NO3
−. Although the 
average differences between the observed and predicted NO3
− and ε(NO3
−) are relatively 
small (slope = 0.83 for NO3
− and 0.82 for ε(NO3
−)), the NO3
− and ε(NO3
−) data are 
scattered, with R2 of 0.45 for NO3
− and 0.46 for ε(NO3
−). This is probably due to the 
difficulty of measuring HNO3.  
The average observed ε(NH4
+) and ε(NO3
−) are 44.6 ± 16.8% and 13.5 ± 15.2%, 
respectively. Figure 6(c) and Figure 6(f) also demonstrate that most ε(NO3
−) values are low 
and ε(NH4
+) is distributed over a wide range of values. Therefore, when assessing model 
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validity, it is more useful to look at the phase partitioning of NH3 instead of HNO3 for the 
ANARChE data. 
There are some data points (15 in total) on the left of Figure 6(c) with low observed 
ε(NH4
+) and a predicted ε(NH4
+) at around 50%. The prediction vs. observation graphs 
when these points are considered outliers are plotted in Figure 7. Only the regression of 
ε(NH4
+) showed a relatively large difference. A discussion about the outliers can be found 
in Appendix A. A series of sensitivity analysis was performed to evaluate potential sources 
of bias, where (1) the measured NH3 concentrations were increased or decreased by 20%, 
(2) the HNO3 concentrations were divided by two, (3) the refractory ions (Na
+, Ca2+, K+, 
Mg2+) were excluded from model calculation, and (4) RH (0 to 1) was increased by 0.05 
or 0.1. These cases were considered due to the NH3 measurement uncertainty of 20%, 
measured HNO3 higher than the actual, and the relatively lower predicted particle-phase 
NH4
+ compared to observation. The RH of data in case 3 and 4 is below 90% instead of 
95% to avoid supersaturation. Since LWC is not a linear function of RH, Wi could be orders 
of magnitude higher when the particle is supersaturated. 
The average pH values in these cases are 2.0 ± 0.6 (120% NH3), 1.8 ± 0.6 (80% 
NH3), 1.9 ± 0.6 (50% HNO3), 1.7 ± 0.5 (excluding refractory ions), 2.0 ± 0.5 (RH + 5%), 
and 2.1 ± 0.6 (RH + 10%). The predicted vs. measured concentrations and partitioning 
fractions from cases 1 and 2 are plotted in Figure A-1, Figure A-3 and Figure A-5. Figure 
A-7 to Figure A-12 show the sensitivities for cases 3 and 4. These cases did not show a 
significant improvement in the agreement between observation and model prediction, and 
most slopes and intercepts of the regression lines did not change much under the 
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perturbations except for NO3
− and ε(NO3
−) in cases 2 and 4. Detailed description of 
sensitivities in each case is provided in Appendix A. 
The interpolation of hourly HNO3 data to PILS sampling frequency may introduce 
error as well. The NH3 measurements could also be influenced by local sources such as 
people performing instrument maintenance. In addition, it can take 30 min for PM1 
particles to reach equilibrium with the gas phase and even longer for larger particles 
(Fountoukis et al., 2009). To reduce these effects, data were averaged every hour. The 
model prediction vs. observation based on hourly averages are shown in Figure 8. The 
regressions did not change significantly except for ε(NO3
−) where the slope decreased from 
0.82 to 0.62. NO3
− and ε(NO3
−) data points are still scattered, and the overprediction of 









Figure 3 Diurnal cycles of fine particle pH, Wi, RH and T (average ± SD), from August 




Figure 4 Diurnal cycles of fine particle NH3, NH4+, HNO3 and NO3− concentrations, 
as well as observed partitioning fractions ε(NH4+) and ε(NO3−) (average ± SD), from 
August 15 to 28, 2002. 
 
Figure 5 Diurnal cycles of SO2 and NOy (average ± SD), from August 15 to 28, 2002. 
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Figure 6 Predicted vs. observed ANARChE concentrations of NH3 (a), NH4+ (b), 
HNO3 (d) and NO3− (e), as well as partitioning fractions ε(NH4+) (c) and ε(NO3−) (f). 
Red line: linear regression based on SVD algorithm. Black dashed line: 1:1 line. 
 
Figure 7 Same as Figure 6 (original data with RH < 95%). The low observed ε(NH4+) 
outliers are removed from each graph. 
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Figure 8 Same as Figure 6, but for hourly averaged data. 
 
 
3.3 pH and Partitioning Fractions from the SEARCH Data 
The average pH for SEARCH dataset is 1.68 ± 0.48, with a median of 1.67. It 
should be noted that it is likely the pH would only slightly increase if refractory ions and 
chloride were included (a discussion is provided in 3.4). The pH averages (±SD) and 
medians from the ANARChE and SEARCH data are plotted in Figure 9. This result is only 
slightly lower than ANARChE, especially considering the accuracy of the method. 
Therefore, the summertime fine particle pH in urban Atlanta only seemed to decrease a 
small amount despite the large cuts in acid precursors (NOx and SO2). It is also worth noting 
that the average NH4
+ partitioning fraction from SEARCH observation is 29.5% that is 
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lower than ANARChE (44.6%). This suggests the volatilization of NH4
+ increases with 
lower particle mass loadings, which compensates for the effect of SO4
2− decrease on pH. 
The diurnal cycles (Figure 10 and Figure 11) of the SEARCH data are similar to 
the ANARChE results except for the lower Wi and the larger ε(NH4
+) diurnal variation. 
The average predicted Wi for the SEARCH data is 2.3 μg m
−3 that is lower than the average 
of 7.9 μg m−3 from ANARChE, which is mainly due to the sulfate level decrease. The 
ε(NH4
+) peak in the afternoon is consistent with a lower pH. Although the ε(NH4
+) diurnal 
variation is larger compared with ANARChE, it is still less sensitive to the change in pH 
than ε(NO3
−). 
The relationship between predicted and observed values from SEARCH dataset is 
shown in Figure 12. NH3 is also slightly overestimated but data points are closer to the 1:1 
line, and the slope (0.95) is closer to 1. The R2 became higher (0.98 compared to 0.81). 
The model underestimated NH4
+ concentration and ε(NH4
+). As shown in Figure 12, the 
ε(NH4
+) points are concentrated in the < 50% region, while the ε(NH4
+) from ANARChE 
has a wider range and the average is higher. Similar to ANARChE, the agreement between 
predicted and measured HNO3 is good (slope of 1.01, intercept of 0.17 and R
2 of 0.98). 
However, the predicted NO3
− and ε(NO3
−) are much lower than observation (slope of 0.28 
and 0.36, respectively, lower than the slopes from hourly averaged ANARChE data). The 
average predicted ε(NO3














Figure 10 Diurnal cycles of fine particle pH, Wi, RH and T (average ± SD), from 






Figure 11 Diurnal cycles of fine particle NH3, NH4+, HNO3 and NO3− concentrations, 
as well as observed partitioning fractions ε(NH4+) and ε(NO3−) (average ± SD), from 






Figure 12 Prediction vs. observation from hourly SEARCH data. 
 
 
3.4 Effects of Concentrations on Particle pH 
To evaluate the effects of refractory ions and gas-phase data on calculated particle 
pH, data excluding refractory ions (i.e. gas + particle phase NH3, HNO3, Cl
−, and SO4
2− as 
input), and data without both gas-phase concentrations and refractory ions (i.e. only particle 
phase NH4
+, NO3
−, Cl−, and SO4
2− as input) were also calculated. Excluding refractory ions 
only decreased pH by ~0.1 units (pH average of 1.81 ± 0.55, median of 1.77), while particle 
pH decreased to 1.01 ± 0.63 (median of 1.02) if neither gas-phase data nor refractory ions 
were considered. This result is comparable with the pH decrease by 0.0 to 0.4 units without 
crustal ions (K+, Ca2+, Mg2+) from Liu et al. (2017), and also similar to the pH increase of 
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0.8 units when the model is further constrained by gas-phase NH3 in addition to particle-
phase data (Guo et al., 2015). 
Based on the average PM2.5 pH of this study, it cannot be concluded that fine 
particle has been less acidic in recent years due to the SO2 and NOx emission reduction. 
During SOAS in 2013, fine particle pH at Centreville (CTR), Alabama is predicted to be 
0.94 ± 0.59 (Guo et al., 2015), and the time evolution of particle pH at the same site from 
1998 to 2013 has a range of 0 – 2 pH units (Weber et al., 2016). Aerosol compositions at 
several sites in Atlanta including Jefferson Street were also measured as part of the 
Southeastern Center for Air Pollution and Epidemiology (SCAPE) study in 2012. The 
average predicted pH at JST site in May 2012 was reported as 1.3 ± 0.7, and for another 
site on the rooftop of the Ford Environmental Science and Technology building (Georgia 
Institute of Technology, GIT site) 2 km east of JST site, the predicted pH was 1.1 ± 0.4 in 
August 2012 (Guo et al., 2015).  
Due to the small effect of refractory ions on pH, the higher fine particle pH during 
ANARChE than the other studies may be explained by the difference in gas + particle 
phase NH3, HNO3 and SO4
2−. Figure 3 in Weber et al. (2016) shows that at fixed RH, T, 
and concentrations of Na+, NO3
− and Cl− (at SOAS mean), pH increases with NH3(g) and 
decreases with increasing SO4
2−. The average total NH3 (NH3 + NH4
+), HNO3 (HNO3 + 
NO3
−) and SO4
2− for ANARChE pH calculation are 4.48 μg m−3, 3.63 μg m−3, and 4.42 μg 
m−3, respectively, which are higher than the average of SOAS (a rural site with total NH3 
of 0.78 μg m−3, total HNO3 of 0.45 μg m
−3, and SO4
2− of 1.73 μg m−3) (Guo et al., 2017a). 
A sensitivity test was performed to estimate the effects of total NH3, HNO3 and SO4
2−. By 
inputting the averages listed in Table 1, the model predicted a pH of 1.83, while after 
 31 
changing total HNO3, total NH3 and SO4
2− separately into SOAS average concentration, 
the predicted pH became 1.79, 0.08 and 2.08. Excluding refractory ions resulted in a pH of 
1.75. Therefore, higher total HNO3 did not have a significant effect on raising particle pH 
under ANARChE conditions, and pH is mainly controlled by total NH3 and SO4
2−. 
To explain the similar pH between ANARChE and SEARCH data, the sensitivities 
of particle pH to concentration variations are tested using the average concentrations, RH 
and T of the two datasets. The ANARChE and SEARCH datasets have similar average RH 
and T. The pH based on SEARCH averages in Table 2 is 1.62, almost the same as the 
average pH of 1.68. Including refractory ion and chloride concentrations (annual average 
in 2016 based on 24h data, Na+: 0.05 μg m−3, Cl−: 0.04 μg m−3, Ca2+: 0.03 μg m−3, K+: 0.03 
μg m−3, Mg2+: 0.01 μg m−3) increased pH to 1.74, and pH increased to 1.84 when average 
refractory ion and chloride concentrations from ANARChE were included. 
The pH increased to 1.92 by only increasing total NH3 to the average ANARChE 
level, and Wi slightly increased from 1.79 to 1.81 μg m
−3. Therefore, pH is not sensitive to 
the increase in total NH3 under ANARChE/SEARCH conditions. The ANARChE averages 
excluding refractory ions and chloride resulted in a pH of 1.75. By only decreasing sulfate 
and total HNO3 to SEARCH level, pH increased to 1.87 and Wi decreased from 5.49 to 
1.74 μg m−3. The decrease of Wi is mainly due to sulfate, which may also account for the 
small pH increase since the lower liquid water content would lead to more concentrated 
H+. This is supported by the average Wi of 2.3 μg m
−3 from SEARCH data, much lower 
than Wi of 7.9 μg m
−3 from ANARChE. Similar to the decrease in the observed ε(NH4
+), 
the predicted NH4
+ partitioning fraction decreased from 35.8% to 11.3% in the sensitivity 
test, despite the same total NH3 concentration. 
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3.5 S Curve, Partitioning Fractions Dependence on pH 
A detailed derivation of theoretical ε(NO3
−) and ε(NH4
+) sigmoid calculations is 
provided in the supplement of Guo et al. (2017a). Briefly, the ε(NO3
−) and ε(NH4
+) 
























∗ 𝑊i𝑅𝑇 × 0.987 × 10−14
 (6) 




R the universal gas constant, Wi the inorganic liquid water content in μg m
−3 air, T the 
temperature in Kelvin. 𝐻HNO3
∗  in mol2 kg−2 atm−1 and 𝐻NH3
∗  in atm−1 can be calculated from 
Clegg and Brimblecombe (1990) and Clegg et al. (1998). The 0.987×10−14 term is the 
combination of conversion factors from atm to Pa and from μg to kg. ISORROPIA-II 
exported the mean activity coefficients 𝛾HNO3 and 𝛾NH4NO3. Their averages and standard 
deviations are used for sigmoid calculations: 
 𝛾NO3−𝛾H+ = 𝛾HNO3
















−) using average T and Wi of the whole 
ANARChE dataset, along with practical activity coefficients from ISORROPIA-II are 
plotted as blue solid lines in Figure 13(a) and Figure 14(a). The blue dashed lines indicate 
sigmoid curves calculated from 𝛾HNO3 + 𝜎𝛾HNO3  and 𝛾NH4NO3 + 𝜎𝛾NH4NO3 , or from 𝛾HNO3 
− 𝜎𝛾HNO3  and 𝛾NH4NO3 − 𝜎𝛾NH4NO3 . The red solid line is the ideal solution case, where all 
activity coefficients equal one. To illustrate the pH effect on partitioning fractions, the 
observed ε(NH4
+) and ε(NO3
−) of a small subset within average T ± 2 K (299.3 – 303.3 K) 
and average Wi ± 5 μg m
−3 (2.9 – 12.9 μg m−3) are plotted in Figure 13(a) and Figure 14(a) 
as well. The ε(NH4
+) points are close to the sigmoid curve while larger discrepancy occurs 
at higher RH. The observed ε(NO3
−) values are generally lower than the sigmoid curve. 
The uncertainty of the NH3 measurement is within 20%, and the measured HNO3 
concentration is thought to be much higher than the actual. To evaluate the effect of NH3 
and HNO3 measurement uncertainties, three cases were considered (same as cases 1 and 2 
in Appendix A): (1) the HNO3 concentrations were divided by two (Figure 13(b) and 
Figure 14(b)), (2) 80% of measured NH3 concentrations (Figure 13(c) and Figure 14(c)), 
(3) 120% of measured NH3 concentrations (Figure 13(d) and Figure 14(d)). The S curves 
were calculated for each case based on the average T, Wi, and activity coefficients after the 
change. The observed ε(NH4
+) and ε(NO3
−) from the same subset as previous were plotted 
in order to show the shift of data points.  
As shown in Figure 13 and Figure 14, varying NH3 and HNO3 concentrations did 
not have a significant effect on theoretical ε(NH4
+) and ε(NO3
−) curves, due to little change 
in average Wi and γ (average Wi, γHNO3, and γNH4NO3 of 7.9 μg m
−3, 0.31 ± 0.06, and 0.26 
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± 0.04 without perturbation). The average Wi values for half HNO3, 80% NH3 and 120% 
NH3 cases are 7.4, 7.7, and 8.0 μg m
−3, respectively. The average γHNO3 values are 0.30 ± 
0.06, 0.31 ± 0.08, and 0.31 ± 0.06. For all three cases, the average γNH4NO3 values are 0.26 
± 0.04. 
By definition, the observed ε(NH4
+) would not change when varying HNO3 
concentrations, and ε(NO3
−) would not change with NH3 variation. When decreasing NH3 
concentration by 20%, data points shifted toward lower pH and higher ε(NH4
+). When 
increasing NH3 concentration by 20%, data points shifted toward the opposite direction. 
The agreement between observed and theoretical ε(NO3
−) became better when using half 
HNO3 concentration since the observed ε(NO3
−) increased.  
To evaluate the pH effect on particle-phase NH4
+ and NO3
− levels, the predicted 
ε(NH4
+) and ε(NO3
−) vs. pH from the original whole dataset are plotted in Figure 15. A 
sigmoid curve fitting was performed using the equations below, which is based on the 





1 + 𝑎 × 10−𝑝𝐻




𝑏 × 10−𝑝𝐻 + 𝑎
× 100% (10) 
The initial guess (magnitude only) of fit coefficients a and b using average T, Wi 
and activity coefficients are 42.0214 for ε(NH4
+), 3.7771×10−4 (a) and 0.0958 (b) for 
ε(NO3
−). Final fit coefficients values are 23.273 for ε(NH4




The change in particle-phase concentrations with pH variation can be calculated 
from the partitioning fractions based on regression equations and gas + particle phase 
concentrations. The average observed NH3 + NH4
+ and HNO3 + NO3
− are 4.48 and 3.63 
μg m−3, respectively. Particle-phase concentration variations when pH increases or 
decreases by one unit (i.e. 2.92 and 0.92) are listed in Table 3. 
 
Table 3 Particle-phase concentration variations with pH based on regression 
equations. 
pH ε(NH4+), % ε(NO3−), % NH4+, μg m−3 NO3−, μg m−3 
0.92 73.7 1.3 3.30 0.05 
1.92 21.9 12.0 0.98 0.43 
2.92 2.7 57.6 0.12 2.09 
 
The average NH4
+ concentration (0.98 μg m−3) from regression equation is lower 
than the average concentration from measurement (2.13 μg m−3) due to model 
underprediction of NH4
+ and the scattered data. The average NO3
− concentrations are 
similar (0.43 μg m−3 from regression equation and 0.35 μg m−3 from measurement). NO3
− 





Figure 13 The partitioning fraction of NH4+ (ε(NH4+)) as a function of pH (blue solid 
line) based on average T, ISORROPIA-II predicted Wi and γ of the whole ANARChE 
dataset (a) without perturbation, (b) with 50% HNO3, (c) 80% NH3 and (d) 120% 
NH3. S curves based on average T, Wi, γHNO3 + σ and γNH4NO3 + σ, or γHNO3 − σ and 
γNH4NO3 − σ for each case are indicated by blue dashed line. Red line: ideal solution 
case. Open circles: measured ε(NH4+) from a subset (T from 299.3 to 303.3 K and Wi 
from 2.9 to 12.9 μg m−3, same subset for all cases). 
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Figure 14 The partitioning fraction of NO3− (ε(NO3−)) as a function of pH (blue solid 
line) based on average T, ISORROPIA-II predicted Wi and γ of the whole ANARChE 
dataset (a) without perturbation, (b) with 50% HNO3, (c) 80% NH3 and (d) 120% 
NH3. S curves based on average T, Wi, γHNO3 + σ and γNH4NO3 + σ, or γHNO3 − σ and 
γNH4NO3 − σ for each case are indicated by blue dashed line. Red line: ideal solution 
case. Open circles: measured ε(NO3−) from a subset (T from 299.3 to 303.3 K and Wi 




Figure 15 The predicted ANARChE ε(NH4+) and ε(NO3−) as a function of pH. The 
whole dataset from August 15 to 28 is plotted. S curve fitting based on equations (9) 
and (10) was performed and plotted as black line. 
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CHAPTER 4. CONCLUSIONS 
In this study, the ANARChE data in August 2002 and SEARCH data in August 
2016 collected at the Jefferson Street site, Atlanta were analyzed to investigate the change 
in pH over the past 15 years. Comparing the measured SO2, NO and NOy in August 2002 
and 2016, the average concentrations have decreased from 6.6, 13.8 and 38.6 ppbv to 0.2, 
2.5 and 11.9 ppbv, respectively (97% decrease for SO2, 82% for NO and 69% for NOy). 
The particle-phase sulfate has decreased from 4.42 to 1.43 μg m−3, consistent with the 
change in SO2 concentrations. The NH3 + NH4
+ concentrations have decreased from 4.48 
to 2.60 μg m−3. 
The summertime fine particle pH based on ANARChE data (August 15-28, 2002) 
and SEARCH data (August 15-28, 2016) is calculated by ISORROPIA-II, a 
thermodynamic equilibrium model. The model was run in forward and metastable mode 




−, Cl− and refractory ions, as well as gas-phase 
NH3 and HNO3 data. The chloride and refractory ion concentrations are not available in 
SEARCH dataset. The average fine particle pH from ANARChE is 1.92 ± 0.58 (±SD), with 
a median of 1.88. The average pH from SEARCH is 1.68 ± 0.48, with a median of 1.67. 
The SEARCH pH could be a little higher if refractory ions were considered. The results 
did not show a large change in fine particle pH, and the pH has slightly decreased despite 
the emission reduction of SO2 and NOx over the past 15 years. Comparing the average 
concentrations from the two datasets, the average fine particle sulfate, ammonium and 
nitrate levels have decreased from 4.42 to 1.43 μg m−3, 2.13 to 0.75 μg m−3, and 0.35 to 
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0.23 μg m−3, respectively. The NH3 and HNO3 concentrations have decreased from 2.35 to 
1.85 μg m−3, and 3.28 to 1.17 μg m−3. There is a large decrease in Wi (from 7.9 to 2.3 μg 
m−3) that is mainly caused by the decrease in sulfate. The average observed ε(NH4
+) 
decreased from 44.6% to 29.5%, suggesting the volatilization of NH4
+ which could 
compensate for part of the effects of decreasing SO4
2−. The small change in particle pH 
could then be explained by the above-mentioned decrease in Wi and NH4
+ volatilization. 
The observed ε(NO3
−) is low in both datasets, with an average of 13.5% for ANARChE 
and 21.3% for SEARCH. As shown in sensitivity tests, particle pH is not sensitive to the 
increase of NH3 + NH4
+ concentration under ANARChE/SEARCH conditions and the 
refractory ions only have a small effect on pH due to low concentrations.  
The predicted concentrations and partitioning fractions of semivolatile species 
generally agree well with observations. For ANARChE, there is an overestimation of NH3 
(slope of 1.29) and an underestimation of NH4
+ and ε(NH4
+). The predicted NH3 has a 
better agreement with measurements for SEARCH data. The HNO3 concentrations are 
reproduced by the model while the NO3
− concentrations and ε(NO3
−) are more difficult to 
predict probably due to the relatively low NO3
− level compared to HNO3. Sensitivity tests 
were performed to evaluate the NH3, HNO3 and RH measurement uncertainties. Most of 
the results only show a slight change in the relationship between prediction and 
observation, except for NO3
− and ε(NO3
−) when RH is increased by 10% or HNO3 
concentrations are divided by two. Using hourly averaged data did not improve the 
prediction. 
The S curves (theoretical ε(NH4
+) and ε(NO3
−) as a function of pH) were calculated 
based on the average T, Wi and activity coefficients from the ANARChE data. The 
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observed ε(NH4
+) from a subset (average T ± 2 K and Wi ± 5 μg m
−3) agrees with the S 
curve while observed ε(NO3
−) is lower than theoretical values. The measurement 
uncertainties of NH3 (±20%) and HNO3 (perhaps double the actual level) only slightly 
changed the theoretical curve. S curve was then fit to the predicted ε(NH4
+) and ε(NO3
−) 
vs. pH data. Based on the regression equations, it is estimated that increasing pH by 1 unit 
(i.e. from 1.92 to 2.92) would lead to the increase of ε(NO3
−) from 12.0% to 57.6%, thus 
more nitrate formation is expected. 
The diurnal cycles from ANARChE and SEARCH show that fine particle pH 
peaked in the early morning and decreased during the day, followed by an increase at night. 
This could be explained by its correlation with Wi which is a nonlinear function of RH. 
The negative correlation between RH and T led to the daytime decrease in RH and Wi, 
resulting in an elevated H+ concentration in particle water. RH is higher at night and 
therefore H+ is diluted by Wi. The observed ε(NH4
+) from ANARChE did not show a 
significant diurnal variation compared to the results from SEARCH, while ε(NO3
−) from 
both datasets had a good correlation with pH, suggesting that ε(NO3
−) is more sensitive to 




APPENDIX A.  SENSITIVITY TESTS 
As mentioned in 3.2, four cases were considered in this study to evaluate the 
influence of measurement uncertainties on model performance, including (1) measured 
NH3 concentrations ± 20%, (2) using half HNO3 concentrations, (3) the refractory ions 
were excluded, and (4) RH (0 to 1) was increased by 0.05 or 0.1.  
In case 1, the NH3 measurement uncertainties did not have a large influence on the 
regressions. The slope of the NH3 regression line only decreased from 1.29 to 1.25 when 
NH3 concentration was 20% higher, therefore it could not account for the overprediction 
of NH3. The change in NO3
− and ε(NO3
−) regression line slopes is due to pH variation, 
since the observed NO3
− and ε(NO3
−) remained the same when perturbing NH3 
concentrations. In case 2, The NH3-NH4
+ concentrations and ε(NH4
+) were not 
significantly affected, and R2 of the HNO3 fit slightly decreased by 0.03. The discrepancy 
of NO3
− between model prediction and observation became larger (slope decreased from 
0.83 to 0.59). The scatter of ε(NO3
−) data has not improved, and the average predicted 
ε(NO3
−) shifted to lower value while ε(NO3
−) from measurement increased (with 
unchanged NO3
− concentration and half HNO3). 
The analysis above is based on the whole dataset, while some data points (15 in 
total) with very low observed ε(NH4
+) and predicted ε(NH4
+) of ~50% can be seen on the 
left of Figure 6(c). The low observed ε(NH4
+) is unlikely to happen in Atlanta. When these 
points are considered outliers, the only significant difference is the ε(NH4
+) regression. 
Results after removing outliers are shown in Figure A-2, Figure A-4 and Figure A-6. 
Taking the unperturbed data as an example, the slope increased from 0.72 to 0.86 and the 
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intercept decreased from 1.59 to −5.65. R2 increased from 0.55 to 0.71. The regression line 
is almost parallel to the 1:1 line but shifts to lower predicted ε(NH4
+) values, indicating 
that the discrepancy may be systematic. 
The average pH decreased to 1.82 after removing data at RH > 90%, and both slopes 
of NO3
− and ε(NO3
−) regression lines decreased. The other regressions were not largely 
affected. The ε(NO3
−) slope showed the largest decrease from 0.82 to 0.57. Removing 
refractory ions from calculation (case 3) did not introduce significant changes. 
It was expected that increasing RH would lead to an increase of particle-phase 
species concentrations, thus the ε(NH4
+) regression line would shift toward the 1:1 line. As 
a result, after increasing RH by 10%, the average predicted ε(NH4
+) increased from 34.0% 
to 37.3% that is still lower than the observed value of 45.2%. Data points in Figure A-9(d) 
moved closer to the 1:1 line but most of them are still below that. The predicted NO3
− and 
ε(NO3
−) are more sensitive to RH change. When RH was 5% higher, the slopes of NO3
− 
and ε(NO3
−) regression lines increased from 0.75 to 1.04 and from 0.57 to 0.87, 





Figure A-1 Prediction vs. observation for 120% of NH3 concentration as model input. 
The measured NH3 concentration in (a) is 1.2 times the observed level. 
 
Figure A-2 Same as Figure A-1 (120% of NH3 concentrations). The low observed 
ε(NH4+) outliers are removed from each graph. 
 45 
 
Figure A-3 Prediction vs. observation for 80% of NH3 concentration as model input. 
The measured NH3 concentration in (a) is 0.8 times the observed level. 
 
Figure A-4 Same as Figure A-3 (80% of NH3 concentrations). The low observed 
ε(NH4+) outliers are removed from each graph. 
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Figure A-5 Prediction vs. observation for half HNO3 concentration as model input. 
The measured HNO3 concentration in (d) is divided by 2. 
 
Figure A-6 Same as Figure A-5 (half HNO3 concentrations). The low observed 
ε(NH4+) outliers are removed from each graph. 
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Figure A-7 Predicted vs. observed NH3 concentrations for (a) original data with RH 
< 90%, (b) excluding refractory ions, (c) RH + 5%, and (d) RH + 10%. 
 
Figure A-8 Predicted vs. observed NH4+ concentrations for (a) original data with RH 
< 90%, (b) excluding refractory ions, (c) RH + 5%, and (d) RH + 10%. 
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Figure A-9 Predicted vs. observed ε(NH4+) for (a) original data with RH < 90%, (b) 
excluding refractory ions, (c) RH + 5%, and (d) RH + 10%. 
 
Figure A-10 Predicted vs. observed HNO3 concentrations for (a) original data with 
RH < 90%, (b) excluding refractory ions, (c) RH + 5%, and (d) RH + 10%. 
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Figure A-11 Predicted vs. observed NO3− concentrations for (a) original data with RH 
< 90%, (b) excluding refractory ions, (c) RH + 5%, and (d) RH + 10%. 
 
Figure A-12 Predicted vs. observed ε(NO3−) for (a) original data with RH < 90%, (b) 
excluding refractory ions, (c) RH + 5%, and (d) RH + 10%. 
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